Introduction
============

High-valent iron-oxo species are identified as key catalytic intermediates in a number of enzyme-mediated oxidation reactions,[@cit1] including those involving heme- and non-heme active sites. Iron([iv]{.smallcaps})- and iron([v]{.smallcaps})-oxo species are key intermediates that effect C--H oxygenation, among other transformations. The reactive nature of these high-valent species and their ability to carry out challenging and important synthetic transformations have motivated efforts to design and synthesize high-valent iron-oxo complexes.[@cit2] Considerable success has been achieved, both in the synthesis of well-defined high-valent complexes and in the development and application of iron-based catalysts for selective oxidation of organic molecules.[@cit3]

The generation of high-valent iron-oxo complexes typically proceeds *via* reaction of a reduced iron precursor with an oxygen-atom transfer reagent, such as iodosylbenzene, a peracid, or hydrogen peroxide ([Scheme 1](#sch1){ref-type="fig"}).[@cit4] An appealing alternative approach would utilize water as the oxygen-atom source and generate the iron-oxo species *via* electrochemical proton-coupled oxidation of an Fe--OH~2~ complex ([Scheme 1](#sch1){ref-type="fig"}, right), resembling the pathway involved in photosynthetic water oxidation.[@cit5] Electrochemical generation of iron-oxo species from reduced Fe--OH/OH~2~ species has been demonstrated,[@cit6] especially in the context of molecular iron-based catalysts for electrochemical water oxidation.[@cit7],[@cit8] The investigation of analogous reactivity for electrochemical oxidation of organic molecules however has been limited to electroanalytical studies[@cit9] or to the mineralization of organic pollutants.[@cit10],[@cit11] On the other hand, stoichiometric one-electron oxidants, such as cerium([iv]{.smallcaps}) ammonium nitrate (CAN), have been used to promote catalytic oxidation of organic molecules by high-valent metal-oxo species using water as an oxygen-atom source.[@cit12],[@cit13] For example, Fukuzumi and Nam generated a tetrapyridylamine-ligated iron-oxo complex *via* oxidation of the corresponding iron([ii]{.smallcaps}) complex in the presence of water with CAN and showed that this complex could support catalytic oxygenation of thioethers and C--H bonds.[@cit14] Analogous catalytic reactivity was demonstrated with other non-heme iron complexes[@cit15] and has been extended to photochemical processes by employing a photocatalyst in combination with stoichiometric \[Co^III^(NH~3~)Cl\]^2+^ or persulphate as the terminal oxidant.[@cit6c],[@cit16]

![Different approaches for the generation of high-valent iron-oxo species (left) and illustration of the application of electrochemical iron-oxo generation to the selective oxidation of organic molecules (right).](c9sc02609f-s1){#sch1}

Electrochemical oxidation of Fe--OH~2~ complexes would bypass the need for stoichiometric chemical oxidants of the type noted above, as the reaction could be coupled to proton reduction at the cathode to generate H~2~ as the sole byproduct. Here, we report the first preparative electrochemical method for oxidation of organic molecules involving generation of a molecular metal-oxo species using water as the source of oxygen. The catalyst consists of an iron complex bearing TAML as an ancillary ligand (TAML = tetraamido macrocyclic ligand), which was pioneered by Collins and co-workers for iron-catalyzed oxidation of organic molecules with hydrogen peroxide.[@cit17] Cyclic voltammetry (CV) and spectroelectrochemical studies are used to characterize the catalyst resting state under bulk electrolysis conditions, and the TAML-ligated iron catalyst is then used in the electrochemical oxidation of a series of alcohols and benzylic C--H substrates. These results establish an important benchmark for electrochemical C--H oxidation of organic molecules.

Results and discussion
======================

To begin our studies, we identified two molecular iron complexes previously reported to promote electrochemical water oxidation, anticipating that the high-valent iron-oxo intermediates formed in this reaction could also promote C--H hydroxylation of organic substrates. The two complexes consisted of a six-coordinate Fe^III^--OH~2~ complex, \[(dpaq)Fe^III^(OH~2~)\]^2+^ (dpaq = 2-\[bis(pyridine-2-ylmethyl)\]amino-*N*-quinolin-8-yl-acetamido), reported by Meyer and co-workers,[@cit7a] and the commercially available \[(TAML)Fe^III^(OH~2~)\]Na complex **1** developed by Collins and co-workers.[@cit7b] Preliminary studies of the (dpaq)Fe complex, however, showed that it is unstable under the buffered conditions initially chosen to explore electrochemical reactions with organic substrates (1 : 1 CH~3~CN : H~2~O, pH = 6--9) (see the ESI for details[†](#fn1){ref-type="fn"}). Therefore, the ensuing efforts focused on reactions with the (TAML)Fe complex. TAML and a number of closely related analogs are strongly donating tetraanionic macrocyclic ligands that stabilize high oxidation states of iron, including Fe^V^.[@cit17] For example, \[(TAML)Fe^V^(O)\]^--^ species generated by reaction of the Fe^III^ precursor with *meta*-chloroperbenzoic acid (*m*CPBA)[@cit4a],[@cit4g],[@cit18] or NaOCl[@cit19] or by photochemical oxidation[@cit16c] promote the oxidation of sulfides, alcohols, and sp^3^ C--H bonds.[@cit20]

Cyclic voltammetry (CV) analysis of **1** in CH~3~CN reveals two (quasi)reversible redox features at 620 mV and 1200 mV *vs.* Ag/AgCl ([Fig. 1A](#fig1){ref-type="fig"}), which are attributed to the generation of Fe^IV^ and Fe^V^ species, respectively.[@cit7b],[@cit7d],[@cit19a],[@cit21] Efforts to analyze the CV of **1** in aqueous solution showed that this complex decomposes rapidly *via* demetallation of the TAML ligand at pH \< 6 (see the ESI for details[†](#fn1){ref-type="fn"}).[@cit22] In a mixed acetonitrile--water solution with K~2~HPO~4~ as the supporting electrolyte (pH ∼ 8.5), CV analysis reveals the presence of three irreversible redox features ([Fig. 1B](#fig1){ref-type="fig"}). The current response for the redox feature at *ca.* 1250 mV is significantly higher than that for the two lower potential features. Control studies show that this enhanced current response does not reflect (TAML)Fe-catalyzed oxidation of water or CH~3~CN under these conditions (see the ESI for details[†](#fn1){ref-type="fn"}), suggesting that it corresponds to the self-promoted ligand oxidation that has been characterized in chemical oxidation studies with (TAML)Fe complexes.[@cit17b],[@cit23] Addition of ethylbenzene to this solution reveals a further increase in current at the redox feature at 1250 mV ([Fig. 1B](#fig1){ref-type="fig"}), indicating electrocatalytic turnover of the (TAML)Fe species *via* reaction with ethylbenzene at this potential.

![(A) CV of \[(TAML)Fe^III^(OH~2~)\]Na (**1**) in CH~3~CN (0.1 M LiClO~4~). (B) CVs of 0.5 mM **1** in the absence (black) and presence (red) of 20 mM ethylbenzene in 1 : 1 CH~3~CN : H~2~O and K~2~HPO~4~ (0.1 M). The increase in the current of the (TAML)Fe redox feature at 1.25 V (*vs.* Ag/AgCl) is attributed to catalytic ethylbenzene oxidation by a high-valent Fe-oxo species generated at this potential. Scan rate = 50 mV s^--1^.](c9sc02609f-f1){#fig1}

To gain further insights into the redox behavior of (TAML)Fe species under these conditions, the pH of the aqueous electrolyte was varied with different phosphate buffers while monitoring the redox potentials for the (TAML)Fe redox features by differential pulse voltammetry (DPV, [Fig. 2A](#fig2){ref-type="fig"}). Only the first redox feature (i) exhibits a significant dependence on the pH, shifting to more negative potentials with increasing pH. The other two features (ii and iii) are largely unaffected by changes in the pH. A plot of the pH dependence of redox feature (i) exhibits a slope of --59 mV pH^--1^, corresponding to a 1e^--^/1H^+^ stoichiometry and is consistent with proton-coupled oxidation of **1** to an \[Fe^IV^--OH\] species ([Fig. 2B](#fig2){ref-type="fig"}). Control experiments show that redox feature (ii) disappears in the absence of the HPO~4~^2--^ buffer, suggesting that this redox step corresponds to an Fe^III/IV^ process involving an Fe complex bearing HPO~4~^2--^ as an axial ligand (see the ESI for details[†](#fn1){ref-type="fn"}). Finally, the potential of feature (iii), assigned to the Fe^IV/V^ redox process, does not vary as the solution pH is changed ([Fig. 2](#fig2){ref-type="fig"}).

![(A) Differential pulse voltammograms of 0.5 mM **1** in 1 : 1 CH~3~CN : buffer (0.1 M phosphate). (B) Pourbaix diagram derived from the peak potentials of redox features (i) and (iii) in (A).](c9sc02609f-f2){#fig2}

In anticipation of using (TAML)Fe complex **1** as a mediator for electrosynthetic applications, we investigated the behavior of **1** under bulk electrolysis conditions in a divided cell. A reticulated vitreous carbon (RVC) working electrode was paired with a Pt wire counter electrode, and a fiber-optic UV-visible dip probe was used to record optical spectra of the bulk solution during electrolysis. Bulk electrolysis was conducted with a solution of **1** in 1 : 1 CH~3~CN : H~2~O with K~2~HPO~4~ (0.1 M) at applied potentials of 800 and 1250 mV ([Fig. 3](#fig3){ref-type="fig"}). Electrolysis of the solution at 800 mV for 15 min led to clear changes in (TAML)Fe species in solution, and the spectral data reveal conversion of the Fe^III^ species **1** into the dimeric oxo-bridged iron([iv]{.smallcaps}) complex **3** ([Fig. 3A](#fig3){ref-type="fig"}).[@cit24] Electrolysis at an applied potential of 1250 mV led to the same spectral changes, albeit with more rapid formation of **3** (*ca.* 6 min) ([Fig. 3B](#fig3){ref-type="fig"}). Continued electrolysis at this potential leads to slow bleaching of the solution, indicating the onset of self-promoted decomposition of the high-valent (TAML)Fe species in solution (see the ESI for details[†](#fn1){ref-type="fn"}).[@cit17b],[@cit23]

![(A) UV-vis spectra recorded for 0.5 mM **1** undergoing bulk electrochemical oxidation at 800 mV (*vs.* Ag/AgCl) in 1 : 1 CH~3~CN : H~2~O with K~2~HPO~4~ (0.1 M) in a divided cell. Final spectra collected after 15.3 min of bulk electrolysis. (B) UV-vis spectra recorded for 0.5 mM (TAML)Fe undergoing bulk electrochemical oxidation at 1250 mV (*vs.* Ag/AgCl) in 1 : 1 CH~3~CN : H~2~O with K~2~HPO~4~ (0.1 M) in a divided cell at a RVC electrode. Final spectra collected after 6.7 min of bulk electrolysis. (Inset) LSV of bulk electrolysis solution at the RVC working electrode. The potential applied for each bulk electrolysis is indicated. Continuing electrochemical oxidation beyond the final spectra shown in (B) leads first to steady state absorption features followed by overall loss of all (TAML)Fe absorption features.](c9sc02609f-f3){#fig3}

Formation of the oxo-bridged (TAML)Fe^IV^ dimer **3** at both electrolysis potentials was initially unexpected; however, these observations are readily rationalized from the CV data and previous studies of (TAML)Fe species with chemical oxidants.[@cit23b] The pH-dependent DPV data in [Fig. 2](#fig2){ref-type="fig"} suggest that electrochemical oxidation of **1** generates the \[Fe^IV^--OH\] species **2** in a 1e^--^/1H^+^ process, and formation of **3** can arise from the dimerization of **2**.[@cit25] The (TAML)Fe^V^(O) species **4** has been shown to react rapidly with **1** to generate **3**. For example, treatment of **1** with 0.5 equiv. of *m*CPBA affords oxo-bridged (TAML)Fe^IV^ dimer **3**.[@cit23a],[@cit26] Complex **4** is not directly detected under the electrochemical conditions of [Fig. 3B](#fig3){ref-type="fig"}; however, it is expected to react rapidly with **1** in solution after being generated at the electrode to afford **3**.

The identical (TAML)Fe speciation at the two electrolysis potentials is contrasted by different rates of substrate oxidation during electrochemical (TAML)Fe-catalyzed oxidation of organic molecules. Ethylbenzene and 1-phenylethanol were evaluated as substrates for electrochemical oxidation in the presence of 10 mol% **1**, and constant potential electrolysis was conducted at 800 and 1250 mV. Both substrates generate acetophenone as the product; however, the rate of product formation varies with the substrate and applied potential. The formation of acetophenone from ethylbenzene is nearly 10-fold faster at 1250 mV relative to the rate at 800 mV, while oxidation of 1-phenylethanol exhibits a *ca.* five-fold increase in rate at the higher potential ([Fig. 4](#fig4){ref-type="fig"}). Small amounts of 1-phenylethanol are observed during the oxidation of ethylbenzene, but this intermediate does not build up to significant concentrations during the electrolysis, consistent with the much faster oxidation of 1-phenylethanol.

![Formation of acetophenone during the first two hours of (TAML)Fe catalyzed electrochemical oxidation of ethylbenzene (circles, 20 mM) or 1-phenylethanol (triangles, 20 mM) at applied potentials of 1250 mV (red) and 800 mV (black) (*vs.* Ag/AgCl) in 1 : 1 CH~3~CN : H~2~O and 0.1 M K~2~HPO~4~ in a divided cell.](c9sc02609f-f4){#fig4}

The electrolysis results are consistent with previous observations that the Fe^IV^ dimer **3** is capable of oxidizing organic molecules;[@cit26] however, they also show that conditions capable of generating Fe^V^ (*i.e.*, at 1250 mV) lead to even faster reactivity. The steady-state bulk concentration of Fe^IV^ dimer **3** is not affected by the electrolysis potential (see the ESI for details[†](#fn1){ref-type="fn"}). Therefore, the increased oxidation rate at 1250 mV is attributed to the generation of the highly reactive, but unobserved, Fe^V^(O) species at the electrode, which will promote rapid reaction with the substrate.[@cit27]

Electrochemical oxidation of ethylbenzene under constant potential electrolysis conditions at 1250 mV with **1** as the catalyst generates acetophenone in 79% yield. A 55% faradaic efficiency was observed during this reaction, probably reflecting that the background self-oxidation of (TAML)Fe species competes with productive reaction with the substrate.[@cit17b],[@cit23] A series of additional substrates containing benzylic C--H bonds was then tested under the electrochemical oxidation conditions ([Fig. 5A](#fig5){ref-type="fig"}; see the ESI for details[†](#fn1){ref-type="fn"}). Evaluation of modified ethylbenzene derivatives showed good performance with electron-rich and -neutral derivatives (**5--7**), while lower reactivity was observed with the very electron-deficient nitro-substituted derivative (**8**). The reaction with isobutylbenzene proceeds with high selectivity (**10**), arising exclusively from reaction at the benzylic position; no tertiary C--H oxidation product was detected. Similarly, no oxidation of the tertiary benzylic C--H position was observed in the reaction with the methyl ester of ibuprofen (**11**), probably reflecting both steric and electronic (*i.e.*, from the electron-withdrawing ester) effects. The reaction also shows some tolerance to a pyridine substituent (**12**), but low conversion and yield are observed with the less reactive 2-ethylpyridine substrate (**17**). Pyridine coordination to Fe by these complexes could inhibit reactivity.[@cit25] We also examined the electrochemical oxidation of a small series of secondary alcohols ([Fig. 5B](#fig5){ref-type="fig"}). This reaction is more facile than benzylic C--H oxidation, and only 5 mol% catalyst was needed to observe good reactivity. In spite of the simplicity of cyclohexanol as a substrate, the good yield observed here (**13**, 85%) is noteworthy because a recent electrochemical oxidation of cyclohexanol with a different molecular Fe-based catalyst led to mineralization of this substrate (*i.e.*, production of CO~2~).[@cit10] Good to excellent yields were observed with a series of more interesting alcohols under the electrolysis conditions (**14--16**). Many of the yields in [Fig. 5](#fig5){ref-type="fig"} were determined by GC or ^1^H NMR analysis due to the volatility of the products; however, the steroidal ketone **15** was isolated in 97% yield. The ineffectiveness of electron-rich substrates, such as **18--20** in [Fig. 5C](#fig5){ref-type="fig"}, reflects the ability of these substrates to undergo direct electron-transfer at potentials below 1250 mV (see the ESI for details[†](#fn1){ref-type="fn"}).[@cit28] In general, this electrocatalytic approach does not yet achieve the breadth of reactivity demonstrated with (TAML)Fe and related catalysts that utilize chemical oxidants.[@cit17],[@cit18] The most significant constraint appears to be the oxidative self-decomposition of the (TAML)Fe catalyst under the bulk electrolysis conditions, which limits the catalyst lifetime (see Section 10 of the ESI[†](#fn1){ref-type="fn"}).

![Assessment of (TAML)Fe-catalyzed electrochemical oxidation of substrates containing a benzylic C--H bond (A) or alcohol functional group (B), in addition to selected examples of unsuccessful substrates (C). Reactions performed in a divided H-cell in an N~2~ atmosphere with graphite:Pt electrodes at a constant applied potential of 1250 mV *vs.* Ag/AgCl. Anolyte: 0.1 mmol substrate, 0.1 M K~2~HPO~4~, 2.5 mL H~2~O, 2.5 mL CH~3~CN. Catholyte: 0.1 M K~2~HPO~4~, 2.5 mL H~2~O, 2.5 mL CH~3~CN. ^a^Yield% (conversion%) estimated by GC analysis with bromobenzene as the internal standard. ^b^Yield% (conversion%) estimated by ^1^H NMR analysis with 1,3,5-trimethoxybenzene as the external standard. n.d. = not determined.](c9sc02609f-f5){#fig5}

In spite of the existing limitations, the data in [Fig. 5](#fig5){ref-type="fig"} establish an important benchmark for electrochemical oxidation of organic molecules. While electrochemical generation of transition-metal oxo species *via* proton-coupled oxidation of metal-aqua complexes is well established for water oxidation, analogous reactivity has not previously been demonstrated for preparative electrochemical oxidation of organic molecules. This approach warrants further development, and it would complement the application of organic hydrogen-atom transfer (HAT) mediators such as *N*-hydroxyphthalimide[@cit28a],[@cit29],[@cit30] and nitrogen-centered radicals[@cit28b],[@cit31] in electrochemical HAT-based oxidation of organic molecules.

Conclusions
===========

The results outlined herein demonstrate the electrochemical generation of high-valent iron species *via* proton-coupled oxidation of a TAML-ligated Fe^III^--OH~2~ complex, and the application of this reaction to preparative electrochemical oxidation of organic molecules. Voltammetry analysis reveals the sequential formation of Fe^IV^ and Fe^V^ species at increasing potentials (800 and 1250 mV, respectively). Electrolysis of \[(TAML)Fe^III^(OH~2~)\]^--^ at the higher potential results in accumulation of the oxo-bridged, dimeric (TAML)Fe^IV^ species **3** in solution, which is attributed to the generation of Fe^V^ at the electrode followed by comproportionation with Fe^III^ in solution. Sustained electrolysis at this potential provides the basis for selective electrochemical organic oxidation reactions, including oxygenation of benzylic C--H bonds and dehydrogenation of alcohols.

These results establish an important foundation for future studies, such as those focused on the development of more robust metal complexes. The self-promoted decomposition of the high-valent intermediates generated under these reaction conditions limits the faradaic efficiency and the catalyst lifetime during electrolysis. Furthermore, complexes that exhibit stability under acidic conditions could support broader functional group compatibility by taking advantage of the ability to protect amines and other basic functional groups *via* protonation with a Brønsted acid.[@cit32]
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